The composition and patterns of metabolism of phospholipids isolated as part of a lipid-depleted membrane fragment (LDM fragment) and associated with the membrane adenosine triphosphatase complex have been compared with those of the bulk membrane phospholipid. The bulk lipid was extracted from washed membranes with sodium cholate. TI'he LDM fragments, which contained a portion of the electron transport system and the membrane adenosine triphosphatase complex, were purified by chromatography with Sepharose 6B. phosphatidylethanolamine. Changes in the total membrane lipid composition (produced by culture conditions) did not alter the phospholipid composition of the LDM fragments. The adenosine triphosphate complex was separated from the other components of the LDM fragments by suspension of the fragments in 1%'; Triton X-100 and precipitation with antibody specific for the F, component of the adenosine triphosphatase complex. The phospholipid isolated with the adenosine triphosphatase complex consisted of 86%S cardiolipin, 8%k phosphatidylglvcerol, and 6' phosphatidylethanolamine. In pulse-chase experiments with 3P and [2-3H]glycerol, the labeling patterns of the phosphatididylglycerol and phosphatidylethanolamine associated with the LDM fragments were different from those of the bulk membrane phosphatidylglycerol and phosphatidylethanolamine. It was concluded that at least a portion of the phospholipid isolated with the LDM fragments was part of a native lipid-protein complex.
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One feature of current models of membrane structure is that a portion of the membrane lipid is associated with integral membrane protein (12, 21) . Experimental evidence for two classes of lipid has been obtained in studies in which lipid fluidity or phase changes of natural membranes were compared with those of pure lipid bilayers (7, 12) . The portion of the total membrane lipid that undergoes the phase changes characteristic of pure lipid bilayers is assumed to exist in a bilayer form in the membrane. The portion of the total membrane lipid (usually about 20%; 10, 23 ) that does not participate in the phase change characteristic of pure lipid bilayers is assumed to be associated with integral membrane protein (12, 19) .
We have attempted to isolate membrane pPoteins as lipid-protein complexes in order to compare the composition and patterns of metabolism of protein-associated lipid with bulk (bilayer) membrane lipid. In this report, we describe the composition of lipid-depleted membrane fragments (LDM fragments) containing the membrane ATI'ase complex and a portion of the terminal electron transport system, and of the ATI'ase complex isolated from these membrane fragments by antibody precipitation. The )hospholipid composition of LDM fragments was essentially the same regardless of the initial total membrane lipid composition. Evidence that at least a portion of the phospholipid isolated with the LI)M fragments was part of a native complex was obtained in pulse-chase experiments with [2- H]glycerol and 12 P04. The labeling patterns of the phosphatidvlethanolamine (PE) and phosphatidylglycerol (PG) associated with the purified LDM fragments were different from the labeling patterns of the bulk menmbranie I'E and PG. MATERIALS Preparation of LDM fragments. Washed membrane was suspended in 1.5% sodium cholate-0.25 M Na2SO4-0.5 M Tris-hydrochloride (pH 7.8) (cholate buffer) to a concentration of 2 mg of protein per ml and incubated at 4°C for 60 min. The membrane fragments were collected by centrifugation at 150,000 x g for 2 h. The 150,000 x g pellet fraction is referred to as the cholate pellet, and the supernatant fraction is referred to as the cholate extract. The cholate pellet was resuspended in a small volume of 1.5% cholate buffer and applied to a Sepharose 6B column (2.7 by 32 cm) equilibrated with 0.5% sodium cholate-0.4 M Na2SO4-50 mM Tris-hydrochloride (pH 7.8). The column was developed with equilibration buffer, and the fractions containing ATPase activity were pooled and concentrated by centrifugation at 150,000 x g for 3 h. The lipid-depleted membrane-bound ATPase (LDM fragments) was stored as a pellet at 4VC under a layer of 50 mM Tris-sulfate (pH 8.0 (13) of each rabbit; at week 3, rabbits were given an intravenous booster dose of 0.3 to 1 mg of purified F1; at week 4, immunized rabbits were bled by cardiac puncture, and the serum samples from individual animals were collected and pooled. A purified immunoglobulin G fraction of the antiserum, obtained as described by Livingston (14) , was used for all immunological studies described. 
RESULTS
Membrane fractionation. The amount of lipid recovered in the cholate pellet fraction after centrifugation of the membrane-detergent suspension (150,000 x g for 2 h) depended on both the cholate concentration ( Fig. 1 ) and the protein concentration (Fig. 2) . At cholate concentrations above 10 mg/ml, about 80% of the lipid did not sediment after centrifugation (Fig. IA) . At cholate concentrations above 15 mg/ml, the lipid-to-protein ratio of the cholate pellet remained relatively constant (Fig. IB) 50°C, aerobic 9 6 15 "'he 60'C aerobic cells were harvested on ice after growth to nmid-log phase (absorbancy at 60(0 nm of 0.45); 60'C anaerobic cells were incubated at 60tC in 500-ml stoppered flasks for 10 niin before harvesting; 50(C aerobic cells were harvested on ice after growth to mid-log phase at 50'C with vigorous aeration. All cultures were grown in 2-liter baffled flasks containing 500 ml per flask on a gvratory incubator shaker. LI)M fragments isolated as described in Fig. : Table 2 , 1 mCi of 3'2P was added to 500 ml of cells in the mid-log phase of growth (4 x 10" cells/ml). After 10 min of incubation at 60°C, a 200-ml sample was collected on ice (10-min pulse sample); 200 ml was transferred to a stoppered flask and incubated at 60°C for an additional 10 min without aeration (10-min anaerobic sample). Incubation of the remaining 100 ml was continued for 10 min (total pulse of 20 min); then this portion was filtered and washed with 200 ml of preheated unlabeled medium. The cells were then suspended in 400 ml of fresh unlabeled medium and incubated at 60°C with aeration for 60 min (60-min chase sample). Washed membranes were prepared from all samples and fractionated as described in Materials and Methods. The specific activities of the PG and PE isolated with the LDM fragments were lower after the 10-min pulse than the specific activities of the PG and PE extracted with cholate. In the sample incubated anaerobically for 10 min, growth and uptake of '2P into the total lipid pool stopped within 1 min after cessation of aeration. The specific activity of the LDM fragment associated PG and PE increased during the 10-min period of anaerobiosis but was still less than the PG and PE extracted by cholate. After a 60-min chase period, the specific activities of the PG and PE were slightly higher in the LDM fragments than in the cholate-extracted lipid.
In the experiment shown in Table 3 , cells were grown for six cell doublings in 50 ml of TYE medium containing 500 liCi of 32P (the specific activity of the medium was 1 [Ci/4tmol of phosphorus). At a cell density of 4 x 108 cells/ml, 400 "Tlnhe lipid peak from the Sepharose 6B separation of the cholate-pellet (Fig. 3A) .
MCi of [2-tH] glycerol was added and incubation was continued for 5 min. A 25-ml sample was then removed (5-min pulse sample), and the culture was diluted to 75 ml with fresh medium (at 60°C) containing 32P at the same specific activity (1 ytCi/jimol of phosphorus) and 0.2% unlabeled glycerol. After 30 min, 50 ml of the sample was collected on ice (30-min chase), and the remaining 25 ml was collected after an additional 30-min incubation (60-min chase). In the 5-min pulse sample, the 'H/12P ratio was lower in the PG and PE associated with the LDM fragment than in the PG and PE extracted by cholate (Table 3) . Conversely, after the 60-min chase period, the :H/:32P ratio was higher in the PG and PE isolated with the LDM fragment than in the PG and PE extracted by cholate ( Table 3 ). The average percentage composition (±SD) of the LDM fragment preparations shown in Table 3 was 86.1 ± 4% CL, 6.2 ± 3% PG, and 7.7 ± 0.4% PE.
Separation of the ATPase complex from LDM fragments. The LDM fragment preparations contained cytochromes, succinate dehydrogenase, and cytochrome oxidase activity in addition to ATPase activity. The dithionite reduced-minus-oxidized difference spectrum for the LDM fragment preparations was similar to the spectrum for washed membranes; however, the absorbance per milligram of protein at each peak was about 10-fold greater in the LDM fragment preparations. The ATPase activity of the isolated LDM fragment was stimulated over 50-fold by incorporation of LDM fragments into azolectin vesicles, whereas azolectin had no effect on purified Fl. The ATPase complex (FoFj) was separated from the LDM fragment by precipitation from a 1% Triton X-100 suspension with Ft-specific antibody. The addition of sufficient Fl-specific antibody for optimum precipitation neutralized all of the ATPase activity of the Triton X-100-solubilized preparation and none of the cytochrome oxidase or succinate dehydrogenase activity. After removal of the ATPase-antibody precipitate by centrifugation, the dithionite reduced-minus-oxidized difference spectrum for cytochromes of the supernatant was identical to that of the solubilized LDM fragment suspension.
The phospholipid compositions of the fractions obtained by precipitation with F,-specific antibody are shown in Table 4 . Extraction of washed membranes with 1.5% cholate (as described in Fig. 2 ) removed between 75 and 85% of the total membrane phospholipid and between 5 and 10% of the total membrane ATPase activity. The ATPase activity in the cholate extract was neutralized by F1-specific antibody, and the precipitate obtained had a composition ( Table 4 ) similar to that of the LDM fragment purified by chromatography on Sepharose 6B. When the LDM fragments isolated by Sepharose 6B chromatography were suspended in the cholate extraction buffer, the entire complex (as measured by the cytochrome difference spectrum and succinate dehydrogenase activity) and over 90% of the phospholipid were precipitated with F1-specific antibody (Table 4) . On the other hand, when the LDM fragments were suspended in 1% Triton X-100, only about 5% of the phospholipid associated with the LDM fragment and none of the cytochromes or succinate dehydrogenase activity were precipitated with F1-specific antibody. The composition of the phospholipid precipitated with the ATPase complex was similar to that of the LDM fragment, but slightly enriched for CL ( CL, 7 + 1% PG, 15 + 3% PE) of the LDM fragments. It was concluded, therefore, that the lipid-protein association in the LDM fragment was strong enough to resist displacement by cholate. If this represents the native complex, then it can be concluded that the lipid composition of this membrane protein complex was different from the total lipid composition. The lipid composition of the LDM fragment also appeared to be independent of variations in the total membrane lipid composition (Table 1 ). These observations suggest that some protein and lipid interactions might be specific and that changes in total membrane lipid composition may not change the composition of the lipid associated with specific membrane proteins. Wildenauer and Khorana (26) found that the lipid composition of lipid-depleted bacteriorhodopsin from Halobacterium halobium was similar to the total lipid composition of the purple membrane from which the bacteriorhodopsin was isolated. The purple membrane itself, however, had a lipid composition different from that of the total membrane of this organism (11) .
Both the LDM fragments and the ATI'Pase complex isolated from the LDM fragments were enriched for CL. CL has been found to be enriched in cvtochrome oxidase isolated from mitochondrial membranes (1), and there is some evidence suggesting a specific CL involvement for both the cytochrome oxidase (29) and ATPase (20) components of the membrane. On the other hand, Watts et al. (25) have recently shown that cytochrome oxidase does not have an absolute requirement for CL by obtaining an active complex in which CL was completely displaced by dimyristoylphosphatidyl choline (16) . Experiments involving selective extraction must be interpreted cautiously because, as discussed by Helenius and Simons (9), a number of factors might influence the solubilization of membrane lipid. It is possible that a portion of the protein-associated PG and PE was more readily displaced by cholate than the proteinassociated CL. If this were the case, then the isolated LDM fragments might contain all of the CL associated with the native complex but only a class of tightly bound PG and PE. The availability of lipids such as those synthesized by Gupta et al. (7) with groups that can form crosslinks with protein should be very useful for evaluating extraction procedures.
The most convincing pieces of evidence that at least a portion of the lipid remaining associated with the LDM fragment was part of a native complex were the differences in labeling patterns in the pulse-chase experiments (Tables   2 and 3 ). In B. stear othermophilus, both PG and CL show complex patterns of turnover (3) . When cells are deprived of oxygen (Table 2) , the uptake of 32P into the lipid pool and the synthesis of PG and PE stop almost immediately at 600C. The synthesis of CL, however, continues at a constant rate for at least 15 min after cessation of aeration, resulting in an increase in the total membrane CL and a corresponding decrease in PG (3). There is no turnover of total membrane PE under these experimental conditions. These cells were miaintained in steady-state exponential growth during the 10-min pulse of 2 P (Table  2) ; therefore, the lower specific activity of the PG and PB associated with the LDM fragment suggested that the newly synthesized PG and PE appeared in the pool extracted by cholate before these lipids associated with LDM frag-,J. BACTER I OL.
on November 6, 2017 by guest http://jb.asm.org/ ment proteins. The increase in the specific activity of CL during the 10-min period of anaerobiosis (Table 2) resulted from the synthesis of CL from a pool of PG with a higher specific activity. The total amount of membrane CL increased about 50% during the period of anaerobiosis so that the amount of CL isolated with the LDM fragment represented about 20% of the total membrane CL in the 10-min pulse sample and about 15% of the total membrane CL after the 10-min period of anaerobiosis. The increase in the specific activity of the PG and PE associated with the LDM fragment during the 10-min period of anaerobiosis (Table 2 ) appeared to result from a limited amount of mixing of the LDM fragment associated and bulk membrane PG and PE.
Labeling patterns similar to the 32p pulse were observed when cells were continuously labeled with 32P and given a 5-min pulse of [2-tH] glycerol (Table 3 ). The 3H/t2P ratios of the PG and PE associated with the LDM fragment were lower after the 5-min pulse with [2-3H] glycerol than the ratios of the bulk membrane PG and PE. The loss of 3H from the total PG pool was rapid, especially during the first few minutes after the chase with unlabeled glycerol, and only a portion (less than 50%) of this loss could be accounted for by the amount of CL synthesized (data not shown). The differences in the labeling patterns of the PG associated with the LDM fragment and the bulk membrane PG in the experiments shown in Tables 2 and 3 might be the result of differences in the rates of turnover of protein-associated and bulk PG. The differences in the specific activities (Table 2 ) and the 3H/32P ratios (Table 3) of the PE associated with the LDM fragment and the bulk PE must have resulted from differences in the precursors of the two pools of PE or from the way in which newly synthesized PE was distributed throughout the membrane. The labeling patterns of CL depend on the rates of CL turnover and on the specific activity of the PG pool from which CL is synthesized. The products of CL turnover in B. stearothermophilus have not been identified but may include a small amount of PG (3; unpub- lished observations.)
The ATPase complex isolated from Triton X-100-solubilized suspensions of LDM fragments by precipitation with Fi-specific antibody was similar to that of the LDM fragment but contained a higher concentration of CL. Attempts to isolate the ATPase as a phospholipid-protein complex free of other membrane components by procedures that do not involve cholate have so far been unsuccessful. The ATPase complex was isolated by gel filtration with a 0.5% Triton X-100 elution buffer as described by Yoshida et al. (28) ; however, the ATPase obtained by this procedure contained no detectable phospholipid (data not shown).
